INTRODUCTION {#SEC1}
============

The formation of an RNA triple helix, generated by mixing together poly(U) and poly(A) RNA strands at a 2:1 ratio, was first reported in 1957 ([@B1]). Subsequent characterization of this structure revealed stacks of U•A-U base triples in which one strand (U) establishes hydrogen bonds via Hoogsteen interactions (•) along the major groove of a Watson-Crick RNA duplex (A-U) ([@B2]). Since then, major-groove RNA triple helices composed of three or more consecutive base triples have been structurally validated by nuclear magnetic resonance (NMR), X-ray crystallography or cryo-EM methods for several natural RNAs, such as telomerase, group II introns and U2/U6 spliceosomal RNAs, various classes of ligand-bound riboswitches and RNA stability elements for nuclear expression from viral and cellular long noncoding RNAs ([@B5]). Although each RNA triple helix is structurally unique, the majority contain three to five consecutive base triples, which are most commonly a combination of the canonical U•A-U and C•G-C base triples and non-canonical base triples. Interestingly, none of the natural RNA triple helices discovered to date have more than six consecutive base triples. Modeling studies using the MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) RNA triple helix indicated that this length limitation is to avoid a putative steric clash between the 2′-hydroxyl of the Hoogsteen strand and phosphate oxygen of the purine-rich strand in the Watson--Crick duplex ([@B12]). If this model were true, then a structural distortion, such as an extrahelical nucleotide in the Hoogsteen strand or subtle backbone rearrangements, would be expected in an RNA triple helix with the potential to form more than six consecutive base triples, such as a poly(U•A-U) RNA triple helix. In the case of the MALAT1 triple helix having ten base triples, an intervening C-G doublet was proposed to reset the helical axis after six consecutive base triples, avoiding a steric clash ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}) ([@B12]).

Thus far, there is no high-resolution structure of an RNA triple helix with the potential to form more than six consecutive base triples. The earliest structural model of a poly(U•A-U) RNA triple helix was proposed based on X-ray fiber diffraction data and molecular modeling ([@B3],[@B4]). This model is suboptimal from a stereochemical evaluation; therefore, an alternative model was generated using the linked atom least squares program ([@B18]). Most recently, X-ray fiber diffraction data of a poly(U•A-U) RNA triple helix were refined using the continuous X-ray intensity data on layer lines ([@B19]). None of these structural models indicate a structural distortion to accommodate triple helices more than six consecutive base triples. Surprisingly, the sugar pucker, which could affect the putative steric clash limiting consecutive base triples, of a poly(U•A-U) RNA triple helix has not been resolved. Structural models and infrared (IR) data have not converged on the sugar pucker, although the C3′-*endo* conformation seems to be favored in structures of both poly(U•A-U) and natural RNA triple helices ([@B3]). From these studies, there is a clear need for an accurate structure of an RNA triple helix.

We present here the crystal structure analysis of a U•A-U-rich RNA triple helix that forms 11 consecutive base triples. This structural model allows us to establish the structural parameters of an RNA triple helix forming nearly one complete helical turn. Comparing it to A-RNA, A′-RNA and B-DNA helices, we show that the RNA triple helix is an A′-RNA conformer with all three strands favoring the C3′-*endo* conformation. Moreover, the stereochemistry of the RNA triple helix accommodates all three strands, allowing formation of a continuous stack of 11 consecutive base triples.

MATERIALS AND METHODS {#SEC2}
=====================

RNA preparation {#SEC2-1}
---------------

The pHDV-MALAT1_th11 plasmid (insert 5′-GGAAGGTTTTTCTTTTTCCTGAAGGCGAAAGTCTTCAGGTTTTTCTTTTTGGCCTTTCTTAAAAAAAAAAAAAGAAAAA-3′) was created by site-directed mutagenesis to modify the previously described pHDV-MALAT1_Core plasmid (referred to as pHDV-MALAT1 ENE+A core in reference ([@B12])). Two guanosines were included at the 5′ end to ensure high transcription efficiency. The HDV ribozyme was used to generate homogeneous 3′ ends ([@B20]). To prepare RNA, *in vitro* transcription reactions were performed, with final gel-purified RNA in crystallization buffer (5 mM sodium cacodylate pH 6.5, 50 mM KCl, 1 mM MgCl~2~ and 0.1 mM ethylenediaminetetraacetic acid) as described previously ([@B12]).

Crystallization of MALAT1_th11 RNA and diffraction data collection {#SEC2-2}
------------------------------------------------------------------

The 79-nt MALAT1_th11 RNA solution (11 mg/ml) was heated at 95°C for 3 min, snap-cooled on ice for 10 min and allowed to equilibrate at room temperature for at least 1 h prior to setting up crystal tray. The crystallization drop included 1.5 μl of MALAT1_th11 RNA and 1 μl reservoir solution containing 50 mM sodium cacodylate pH 6.0--6.3, 200 mM calcium acetate and 2.5 M sodium chloride. Crystals grew at 19°C using the hanging-drop method. Crystals (approximate dimensions: 0.1 × 0.5 × 0.02 mm) appeared after ∼3 days on a dust particle in the drop. Crystals were cryoprotected by stepwise addition of crystallization solution supplemented with glycerol until the final concentration of 20% glycerol was reached. Crystals were flash frozen in liquid nitrogen and stored until data collection. Diffraction data were collected at 100 K on a single crystal at the Advanced Photon Source, Argonne National Laboratory, on the SER-CAT 22-ID beamline. Data collection and processing statistics are summarized in Table [1](#tbl1){ref-type="table"}.

###### 

Diffraction data and refinement statistics for the MALAT1_th11 model

  ---------------------------------------- ------------------ ----------- ----------
  **Data collection**                                                     
  Wavelength (Å)                           1.000                          
  Space group                              *P*2~1~                        
  Unit cell parameters                                                    
   *a, b, c* (Å)                           54.7, 78.1, 84.0               
   β (°)                                   104.2                          
  Resolution (Å)^a^                        40.7--2.5          40.7--8.3   2.7--2.5
  Unique reflections^a^                    13040              648         664
  Multiplicity ^a^                         3.9                3.5         4.5
  Ellipsoidal completeness (%)^a^          90.8               95.7        83.8
  Spherical completeness (%)^a^            54.4               95.7        13.1
  *R* ~meas~ (%)^a^                        4.5                2.9         166
  \<*I*/σ(*I)*\> ^a^                       17.9               40.9        1.1
  CC(1/2) ^a^                              0.999              0.998       0.405
  **Refinement**                                                          
  *R* ~free~ reflections                   633                            
  No. of atoms (non-H)                     3397                           
   RNA                                     3372                           
   Ca^2+^                                  8                              
   glycerol                                12                             
   solvent                                 5                              
  *R* ~work~/*R*~free~ (%)                 16.9/21.3                      
  RMSD from ideal geometry                                                
   bond lengths (Å)                        0.005                          
   bond angles (^o^)                       0.9                            
  Average B-factors molecules A/B (Å^2^)   76.0/108.1                     
  PDB code                                 6svs                           
  ---------------------------------------- ------------------ ----------- ----------

^a^Data processing statistics are given separately for all reflections (left column), inner shell (middle column) and outer shell (right column).

Determination and refinement of the crystal structure {#SEC2-3}
-----------------------------------------------------

Data were indexed and processed using XDS ([@B21]) and corrected for anisotropy using the STARANISO server (<http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi>), which resulted in gradual omission of weak reflections between 4.2 and 2.5 Å resolution. The crystal structure of MALAT1_th11 was solved by molecular replacement in Phaser ([@B22]) using the X-ray crystal structure of the MALAT1_Core (94% identity, PDB ID: 4plx ([@B12])) as the initial model. Structural models for two RNA molecules were built in the asymmetric unit. Manual fitting in the electron density maps was performed in *Coot* ([@B23]) with multiple rounds of model refinement in Phenix.refine ([@B24]). The refinement statistics are shown in Table [1](#tbl1){ref-type="table"}. Three TLS ([@B25]) groups were added for each molecule. Our final model includes nucleotides 1--79 in both molecules. Four calcium cations and one glycerol molecule interact with each molecule.

Determination of structural parameters {#SEC2-4}
--------------------------------------

Except for diameter, all structural parameters of the MALAT1_th11 model were computed by the online versions of CURVES+ Version 3.0nc ([@B26],[@B27]) and 3DNA DSSR v1.9.6 ([@B28],[@B29]) accessed from January-September 2019 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Due to strand order bias for CURVES+ calculations of triple helix structure, we determined helical and base pairs parameters by analyzing the Watson-Crick (WC) helix (input: 5′ 40:50 3′/3′ 79:69 5′) and Hoogsteen-Watson (HW) helix (input: 5′ 7:17 3′/5′ 69:79 3′). Groove measurements determined by CURVES+ ([@B26],[@B27]) are calculated using a vectors-based approach as follows: width is measured between spline curves passing through phosphorus atoms and depth is measured as a distance from a groove width vector to the long axis of base pair. Structural parameters for both RNA molecules are presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Differences between molecules include major-groove width, inclination angle and select nucleotides exhibiting C2′-*endo* sugar puckers. To calculate diameter, we measured the radius of the helix, which is the average distance between the helical axis and the outermost atoms (O2′ for triple helix, A-RNA, A′-RNA; OP1 for B-DNA). Radii measurements are as follows: 10.6 (RMSD 0.8) Å for MALAT1_th11, 10.3 (RMSD 0.0) Å for ideal A-RNA, 10.1 (RMSD 0.9) Å for A-RNA, 10.6 (RMSD 0.8) Å for A′-RNA, 10.5 (RMSD 0.0) Å for ideal B-DNA and 10.5 (RMSD 0.5) Å for B-DNA. An additional 1.4 Å was added to account for van der Waals radius of oxygen atom.

RESULTS AND DISCUSSION {#SEC3}
======================

Determination of MALAT1_th11 structure {#SEC3-1}
--------------------------------------

The largest naturally occurring RNA triple helix that has been structurally validated to date is the one at the 3′ end of the MALAT1 long noncoding RNA ([@B12]). This triple helix is composed of ten major-groove base triples interrupted by a C-G doublet ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Because this RNA triple helix readily crystallizes, we generated a variant of the previously determined X-ray crystal structure of the MALAT1 triple helix core ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). This variant of the MALAT1 triple helix, which we refer to as MALAT1_th11, has the internal C-G doublet replaced with a canonical U•A-U base triple so that there is the potential to form 11 consecutive base triples (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). Additionally, insertion of an A-U base pair in stem II of MALAT1_th11 facilitated formation of crystal contacts to produce crystals that diffracted up to 2.5 Å ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Due to anisotropic diffraction, the high-resolution cutoff was set to 2.5 Å in the best direction and 4.2 Å in the worst direction (Table [1](#tbl1){ref-type="table"}). Despite the anisotropy, high completeness (\>94%) of the data below 4.2 Å allowed us to solve the structure of MALAT1_th11 by molecular replacement using Phaser ([@B22]), whereby the X-ray crystal structure of the MALAT1 triple helix core (PDB ID: 4plx) was the initial model ([@B12]). Electron density is visible for all 79 nts of MALAT1_th11 and structural models were built for two RNA molecules, which we refer to as A and B, in the asymmetric unit ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Superposition of molecule A with B established RMSD values of 1.6 Å for the entire model and 1 Å for only the triple helix ([Supplementary Figure S2B and D](#sup1){ref-type="supplementary-material"}). Additionally, inserting the model for molecule A into the electron density map for molecule B showed a good fit between the two models ([Supplementary Figure S2E](#sup1){ref-type="supplementary-material"}). Herein, data analyses and figures, unless indicated otherwise, are based on molecule A because of its better electron density maps and a lower average B-factor of ∼76 Å^2^ compared to ∼108 Å^2^ for molecule B ( Figure [1](#F1){ref-type="fig"}, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"} and Table [1](#tbl1){ref-type="table"}).

![Structure of MALAT1_th11. (**A**) A schematic diagram shows the secondary and tertiary structures observed in MALAT1_th11. Interactions between nucleotides are represented using Leontis--Westhof notation in all figures ([@B36]). Numbering of nucleotides, triples and structural elements of MALAT1_th11 are presented. (**B**) Crystal structure of MALAT1_th11 (stick representation) and *2F~o~ - F~c~* electron density map (blue mesh) of RNA molecule A contoured at 1.5 σ level is shown. (**C**) Crystal structure of MALAT1_th11 (ribbon representation). The major-groove triple helix is highlighted by blue (Hoogsteen strand), purple (Watson strand) and green (Crick strand). (**D**) Two different views of major-groove triple helix rotated by 90°, starting from orientation presented in panel C. Orange spheres in panels B and C represent calcium ions.](gkz1222fig1){#F1}

RNA triple helix of MALAT1_th11 forms 11 consecutive base triples {#SEC3-2}
-----------------------------------------------------------------

In the MALAT1_th11 structure, the 3′-terminal A-rich tract (nts 69--79, Watson strand) interacts with the U-rich internal stem-loop (nts 7--17, Hoogsteen strand and nts 40--50, Crick strand) to form a continuous RNA triple helix of 11 canonical major-groove base triples: ten U•A-U triples interrupted by one C•G-C triple (Figures [1](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}; [Supplementary Table S2 and Movie S1](#sup1){ref-type="supplementary-material"}). All bases of these 11 triples are within hydrogen-bonding distance (2.5--3.3 Å) along the Watson--Crick and the Hoogsteen faces except for three weak interactions along the Hoogsteen--Watson face of U•A-U base triples {8} (3.7 Å), {9} (3.8 Å) and {11} (3.6 Å) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Moreover, the ribose moieties of the Hoogsteen strand are stabilized by a hydrogen bond between the 2′-hydroxyl group of the Hoogsteen strand and phosphate backbone of the Watson strand (2′-OH^...^OP2) (Figure [2B](#F2){ref-type="fig"}) ([@B12],[@B30]). The 2′-OH^...^OP2 hydrogen bonds observed for U•A-U{5--11} likely stabilize the highly electronegative RNA triple helix, minimizing possible clashes between the O2′ and O4′ of the Hoogsteen strand and phosphate of the Watson strand. Thus, the triple helix of MALAT1_th11 is stabilized by both inter- and intrastrand hydrogen bonds.

![Nucleotide interactions in MALAT1_th11 triple helix. (**A**) Base-pairing interactions of U•A-U and C•G-C base triples (stick representation) are shown. Tricolor code indicates nucleotides located in Hoogsteen (blue), Watson (purple) and Crick (green) strands of triple helix. The C•G-C triple requires protonation (+) of the cytosine N3 to form the same number of Hoogsteen hydrogen bonds as U•A. Dashed lines represent hydrogen-bonding interactions. (**B**) The hydrogen-bonding pattern and distances between the 2′-OH of the Hoogsteen strand (light blue) and phosphate oxygen of the Watson strand (light purple) are shown; numbers in brackets correspond to base triple numbering scheme in Figure [1A](#F1){ref-type="fig"}.](gkz1222fig2){#F2}

The major-groove triple helix is adjacent to a GG dinucleotide bulge and a double-helical stem engaged in two A-minor interactions (Figure [1A](#F1){ref-type="fig"}). The G5-C54 and G6-C53 base pairs in stem I interact with A67 and A68, respectively, to form type II and I A-minor interactions, a common tertiary motif in RNA structures ([Supplementary Figure S4A-B and Table S2](#sup1){ref-type="supplementary-material"}) ([@B32],[@B33]). These two consecutive A-minor interactions consequently form a ribose zipper motif ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}), which is another structural element that stabilizes the tertiary fold of MALAT1_th11 ([@B34],[@B35]). Both the A-minor interactions and ribose zipper are present in the MALAT1_Core ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}) ([@B12]). Additional non-canonical nucleotide interactions present in MALAT1_th11 are as follows: (i) GTP1-C58 in stem I interact via their Hoogsteen edges in a *trans* orientation (*tHH* in [Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}), (ii) G2-U57 in stem I ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}) and G25-U32 in stem II (not shown) form *cis* Watson--Crick (*c*WC) wobble pairs and (iii) G27-A30 in stem II interact via their sugar/Hoogsteen edges in a *trans* conformation (*tSH* in [Supplementary Figure S4F and Table S2](#sup1){ref-type="supplementary-material"}) ([@B36]). Overall, most nucleotide interactions in MALAT1_th11 are similar to those observed previously in the MALAT1_Core structure ([Supplementary Figure S1B and C](#sup1){ref-type="supplementary-material"}) ([@B12]).

Structural parameters of RNA triple helix resemble A′-RNA {#SEC3-3}
---------------------------------------------------------

A range of conformations for nucleic acid double helices have been observed, with there being two predominant forms: A for RNA and B for DNA ([@B37]). These two forms are characterized by multiple parameters, such as helical twist, rise, pitch, number of base pairs per turn, base pair geometry, sugar pucker and phosphate backbone geometry. Therefore, we used CURVES+ web server to quantitatively examine the conformation of nucleic acid structures and to compute these structural parameters for the MALAT1_th11 structure, analyzing both the Watson--Crick (WC-helix) and Hoogsteen--Watson (HW-helix) strands of the RNA triple helix ([@B26],[@B27]). The RNA triple helix of MALAT1_th11 is a right-handed helix, whose helical twist is ∼30° (WC-helix: 29.7°; HW-helix: 30.3°), helical rise is 2.9 Å (WC-helix: 2.9 Å; HW-helix: 2.9 Å), pitch is 35.1 Å and X displacement is −5 Å (Table [2](#tbl2){ref-type="table"}; [Supplementary Tables S1, 3 and 4](#sup1){ref-type="supplementary-material"}). For one full 360° rotation of the triple helix, there are 12 base triples; therefore, the MALAT1_th11 structure captures, for the first time, nearly one complete helical turn of a continuous RNA triple helix. These structural parameters, along with other parameters described below (e.g. C3′-*endo* sugar pucker assignments), suggested that the MALAT1_th11 triple helix belongs to an A-family conformation.

###### 

Structural parameters for the MALAT1_th11 RNA triple helix and various double helices

                                             RNA triple helix^a^     Ideal A-RNA double helix^b^   A-RNA double helix (1sdr, 280d)   A′-RNA double helix (255d, 413d)   Ideal B-DNA double helix^b^   B-DNA double helix (1bna, 3bna)
  ------------------------------------------ ----------------------- ----------------------------- --------------------------------- ---------------------------------- ----------------------------- ---------------------------------
  Helical sense                              Right-handed            Right-handed                  Right-handed                      Right-handed                       Right-handed                  Right-handed
  Helical twist                              30° ± 5.3               32.7°                         33.7° ± 4.7                       31.4° ± 8.1                        36°                           36.2° ± 3.9
  Helix rise per base pair/triple            2.9 Å ± 0.2             2.8 Å                         2.6 Å ± 0.3                       2.9 Å ± 0.1                        3.4 Å                         3.4 Å ± 0.3
  Helix pitch                                35.1 Å                  31 Å                          27.5 Å                            32.8 Å                             34 Å                          33.7 Å
  X displacement                             −5 Å ± 1                −4.3 Å                        −3.9 Å ± 0.6                      −4.9 Å ± 1                         0.6 Å                         0.3 Å ± 0.6
  Base pairs/base triples per helical turn   12                      11                            10.7                              11.5                               10                            10
  Inclination                                A: 8.4° ± 2.6^c^        11.9°                         17.6° ± 2.2                       13.6° ± 3.4                        2.9°                          -0.5 ° ± 4.2
                                             B: 6.3° ± 5.7                                                                                                                                            
  Major-groove                               wide^c^                 narrow (4 Å)                  narrow (3.1 Å ± 0.5)              wide (8.4 Å ± 0.3)                 wide (11.4 Å)                 wide (11.4 Å ± 0.8)
  dimensions                                 (A: 9.2 Å ± 1.4)                                                                                                                                         
                                             (B: 11.2 Å ± 0.7)                                                                                                                                        
                                             deep (11.0 Å ± 1.2)     deep (8.9 Å)                  deep (9.2 Å ± 0.7)                deep (9.3 Å ± 1.6)                 shallow (3.8 Å)               shallow (4.5 Å ± 1.2)
  Minor-groove                               wide (9 Å ± 0.5)        wide (11 Å)                   wide (9.9 Å ± 0.9)                wide (9.7 ± 0.7)                   narrow (5.9 Å)                narrow (4.9 Å ± 1.4)
  dimensions                                 shallow (1.5 Å ± 0.4)   shallow (−0.8 Å^d^)           shallow (0.5 Å ± 0.5)             shallow (0.5 Å ± 1.3)              shallow (5.7 Å)               shallow (5.3 Å ± 0.3)
  Diameter                                   24 Å (RMSD 1.6)         23.3 Å                        22.9 Å (RMSD 1.7)                 24 Å (RMSD 1.6)                    23.8 Å                        23.9 Å (RMSD 1.0)
  External atom of helix                     O2′                     O2′                           O2′                               O2′                                OP1                           OP1
  Sugar pucker                               C3′-*endo*              C3′-*endo*                    C3′-*endo*                        C3′-*endo*                         C2′-*endo*                    C2′-*endo*

All parameters, except for diameter (see 'Materials and Methods' section), were calculated using CURVES+ web server ([@B26],[@B27]). Values represent an average ± standard deviation (or RMSD) for all base pairs/triples. By definition, idealized structures have a standard deviation of 0. PDB IDs of analyzed structures are shown in column headers.

^a^Analysis was performed on molecule A (see 'Materials and Methods' section---Determination of structural parameters).

^b^The ideal A-RNA helix (UUUUUCUUUUU/AAAAAGAAAAA) and ideal B-DNA (TTTTTCTTTTT/AAAAAGAAAAA) were generated using *Coot* software ([@B23]) and then both were analyzed using CURVES+ web server ([@B26],[@B27]).

^c^Dimensions for inclination angle and major groove of WC-helix are presented for both molecules A and B.

^d^A negative value implies a convex surface rather than a groove.

Next, we used CURVES+ to analyze previously determined X-ray crystal structures for A-RNA (PDB IDs: 1sdr and 280d), A′-RNA (PDB IDs: 255d and 413d) and B-DNA (PDB IDs: 1bna and 3bna) double helices to directly compare with the structural parameters of the RNA triple helix ([@B26],[@B38]). MALAT1_th11 appears to be an A-family conformer; therefore, we considered the two characterized A-family conformations: A-RNA and A′-RNA. X-ray fiber diffraction data and CURVES+ analyses of X-ray crystal structures have shown that both A-RNA and A′-RNA conformations are similar except for quantitative differences in helical twist, rise, pitch, number of base pairs per turn, inclination angle and major-groove width (Table [2](#tbl2){ref-type="table"}) ([@B40],[@B43]). Because nucleotide sequence can affect structural parameters, we also used *Coot* to cross-validate our observations against idealized A-RNA and B-DNA helices composed of the same sequence found in the Watson--Crick strands of the MALAT1_th11 triple helix (Figure [1A](#F1){ref-type="fig"}) and then analyzed these idealized structures using CURVES+ ([@B23],[@B26],[@B46]). Our comparative analysis revealed that the overall helical geometry of the RNA triple helix more closely resembles A′-RNA, which has 11.5 bp per turn and a helical rise of 2.9 Å, than A-RNA, which has 10.7--11 bp per turn and a helical rise of 2.6--2.8 Å (Table [2](#tbl2){ref-type="table"}; [Supplementary Tables S3 and 4](#sup1){ref-type="supplementary-material"}) ([@B43]). Despite being a three-stranded structure, a diameter of 24 Å for the MALAT1_th11 triple helix is nearly identical (within RMSD) to the diameters of both DNA and RNA double-stranded helices, which range from 22.9--24 Å (Table [2](#tbl2){ref-type="table"}). This finding confirms early structural characterizations of RNA triple helices supporting an A-helix derivative ([@B1],[@B3]).

In addition to the helical geometric parameters, we also examined base step and base pair geometrical parameters generated by CURVES+ ([@B26],[@B27]). Some parameters have relatively high standard deviation values so only general conclusions can be drawn from our comparative analysis ([Supplementary Tables S3 and 5](#sup1){ref-type="supplementary-material"}). In general, the average slide, tilt, roll, twist, propeller, inclination and X displacement values for the WC-helix of the MALAT1_th11 triple helix were more consistent with A′-RNA than A-RNA ([Supplementary Tables S3 and 5](#sup1){ref-type="supplementary-material"}). Notably, the average inclination angle of base pairs at 8.4° was 9.2° and 5.2° lower than A-RNA and A′-RNA, respectively ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Such a decrease suggests the WC-helix major groove of the RNA triple helix may be wider, as observed previously for A′-RNA ([@B43]). From our analysis of multiple geometric parameters, we conclude that the RNA triple helix of MALAT1_th11 is A′ form.

Double helix of MALAT1_th11 triple helix has a wide and deep major groove {#SEC3-4}
-------------------------------------------------------------------------

A-RNA and B-DNA are also distinguished by the dimensions of their major and minor grooves. Therefore, we used CURVES+ to determine the groove dimensions of the WC-helix of the MALAT1_th11 triple helix for both molecules A and B ([@B26],[@B27]). We examined both molecules because the C2′-*endo* sugar pucker of A71 may alter groove dimensions in molecule A (read next section for details). For both molecules A and B, the major groove is wider (9.2--11.2 Å) and deeper (11 Å) compared to the relatively narrow (3.1--4 Å) and deep (8.9--9.2 Å) major groove of A-RNA (Table [2](#tbl2){ref-type="table"} and Figure [3](#F3){ref-type="fig"}). However, A′-RNA has a widened major groove at 8.4 Å (Table [2](#tbl2){ref-type="table"} and Figure [3](#F3){ref-type="fig"}). When the Hoogsteen strand is considered, the average major-groove width of the MALAT1_th11 triple helix is 2.3--4.0 Å, which is more similar to A-RNA. Widening the major groove to accommodate the Hoogsteen strand does not affect the dimensions of the major groove in stem II, for it is narrow (3--3.2 Å) like A-RNA ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Likewise, the minor groove of the WC-helix of the RNA triple helix in MALAT1_th11 is similar to that of A-RNA and A′-RNA, i.e. wide and shallow (Table [2](#tbl2){ref-type="table"}). The unique major-groove dimensions of the RNA triple helix and RNA double helices provide a structural rationale for proteins to discriminate between different conformational forms of nucleic acids ([@B43],[@B47]).

![Dimensions of major grooves in various helices. (**A**) Table summarizing major-groove width calculations determined using CURVES+ ([@B26],[@B27]). Major grooves are highlighted in (**B**) WC-helix from MALAT1_th11triple helix (left) and Hoogsteen--Crick (HC) groove of MALAT1_th11triple helix (right), with both structures being molecule A,**(C**) two A-RNA helices, (**D**) two A′-RNA helices and (**E**) two B-DNA helices. PDB IDs of structures are included in each panel.](gkz1222fig3){#F3}

A wider major groove of the WC-helix in the MALAT1_th11 triple helix is consistent with lower average inclination angles of 8.4° for molecule A and 6.3° for molecule B (broad/inconsistent distribution, see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) in comparison to inclination angles of 17.6° in A-RNA and 13.6° in A′-RNA (Table [2](#tbl2){ref-type="table"} and [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). When the inclination angle becomes smaller, the backbone of one strand moves upward while the backbone of the complementary strand goes downward, thereby causing the major groove to widen. Both the inclination angle and major-groove dimensions are two structural hallmarks of A′-RNA and both are observed in the WC-helix of the RNA triple helix in MALAT1_th11 ([@B43]).

Triple helix of MALAT1_th11 favors a C3′-*endo* sugar pucker and maintains regular phosphate backbone geometry except for Watson strand {#SEC3-5}
---------------------------------------------------------------------------------------------------------------------------------------

The sugar-phosphate backbone contributes to the conformation of nucleic acids. The sugar-phosphate backbone can be defined by its sugar pucker, glycosidic bond orientation and torsion angles. In general, an A-RNA double helix adopts a C3′-*endo* ribose conformation. However, Fourier-transform infrared spectroscopy (FTIR), UV and Raman spectroscopy and NMR structural studies of poly(U•A-U) triple helices have not converged on the sugar pucker in an RNA triple helix ([@B3],[@B19],[@B31],[@B48]). Our structural model of an 11-base-triple-long RNA triple helix and those of natural triple helices ([@B5]) favor riboses in a C3′-*endo* conformation and glycosidic bonds in an *anti*-conformation for all three strands ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}). These observations are in agreement with those presenting molecular models of poly(U•A-U) triple helices derived from an oriented noncrystalline fiber ([@B3]), FTIR ([@B49]) and NMR studies ([@B31]). However, some poly(U•A-U) models, based on Raman spectroscopy and computational refinement of an X-ray fiber diffraction model, propose that one or two strands of the triple helix adopt a C2′-*endo* conformation ([@B19],[@B48]). Raman spectroscopic analysis of a poly(U•A-U) triple helix detected a Raman band at 863 cm^−1^, which was assigned to be the Hoogsteen strand in a C2′-*endo* conformation ([@B48]). Computational models of eight different combinations of C2′- and C3′-*endo* sugar puckers indicated that a poly(U•A-U) triple helix was most favorable when the Watson and Hoogsteen strands adopt a C2′-*endo* conformation ([@B19]). Interestingly, the MALAT1_th11 RNA triple helix does have two nucleotides in a C2′-*endo* conformation ([Supplementary Table S6 and Figure S6](#sup1){ref-type="supplementary-material"}). First, the ribose of U50 is in a C2′-*endo* conformation in both molecules A and B. This C2′-*endo* conformation arises from an interaction between the OP1 phosphate of G52 and a calcium ion, which is also coordinated by GTP1 ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). This coordination arrangement circumvents a steric clash between OP2 of G52 and the 2′-hydroxyl group of U50 in a C3′-*endo* conformation. Second, A71 adopts a C2′-*endo* sugar pucker in molecule A but not B, which suggests the C2′-*endo* sugar pucker is not structurally required at this position in the triple helix ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). This local C2′-*endo* conformation of A71 disrupts the 2′-OH^...^OP2 hydrogen bond at U•A-U{3&4} (Figure [2B](#F2){ref-type="fig"}) and instead creates a different zipper-like hydrogen bonding pattern. Here, the OP2 of A70 and A71 interact with the 2′-hydroxyl group of the bases one step above, U9 and U10, respectively, to stabilize the Hoogsteen face of the triple helix along with the 2′-hydroxyl group of A71 forming hydrogen bonds with O2 of U10 and O4′ of U11 ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Thus, it is possible that a local C2′-*endo* ribose conformation in the Watson strand can stabilize an RNA triple helix, although the C3′-*endo* ribose conformation facilitating the 2′-OH^...^OP2 hydrogen bond seems to be preferred.

To fully describe the backbone conformation of a nucleotide, we used CURVES+ to measure all six torsion angles (α, β, γ, δ, ϵ, ζ) of phosphate backbone as well as the glycosidic bond (χ, which connects the base to the sugar moiety) of the MALAT1_th11 triple helix ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}) ([@B26],[@B27]). The most accurate backbone conformations of nucleic acids have been extrapolated from X-ray crystallographic datasets at 1.9-Å resolution or better; therefore, we can draw only general conclusions from the torsion angles of our MALAT1_th11 structure (Table [3](#tbl3){ref-type="table"}; [Supplementary Table S1 and Figure S8](#sup1){ref-type="supplementary-material"}) ([@B50]). The torsion angles β, δ, ϵ, ζ and χ are within the range typically observed for nucleic acids (Table [3](#tbl3){ref-type="table"} and [Supplementary Figure S8B-C](#sup1){ref-type="supplementary-material"}). The torsion angle δ depends on sugar pucker so U50 and A71 have δ values for C2′-*endo* sugar pucker (universal: 147.3 ± 4.9°; observed average: 145.2 ± 2.8°) while all other nucleotides within the triple helix have a δ value characteristic of C3′-*endo* sugar pucker (universal: 81 ± 4.4°; observed average: 79.6 ± 6.1°) (Table [3](#tbl3){ref-type="table"}) ([@B51]). The values for χ support an *anti* conformation for both purines and pyrimidines in C2′-*endo* and C3′-*endo* sugar puckers (Table [3](#tbl3){ref-type="table"} and [Supplementary Table S6](#sup1){ref-type="supplementary-material"}) except for two outliers in the Watson strand (A76 and A78; average χ: 179.5°). However, both the α and γ values deviate from the universal values. A strand-by-strand analysis of torsion angles at the individual nucleotide level showed that the more negative values of α and γ occur predominantly in the Watson strand of the MALAT1_th11 triple helix but also the β values of the Watson strand vary more than those from the Hoogsteen and Crick strands ([Supplementary Figure S8B and C](#sup1){ref-type="supplementary-material"}). Such a widespread distribution of α, β and γ torsion angles in the Watson strand is generally not observed in A-RNA nor A′-RNA helices ([Supplementary Figure S8B and C](#sup1){ref-type="supplementary-material"}). Thus, the Watson strand may need to make subtle backbone rearrangements to maintain hydrogen-bonding interactions among the three bases and/or to optimize the number of 2′-OH^...^OP2 hydrogen bonds (Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Overall, the sugar-phosphate backbone geometry of the RNA triple helix largely follows A-RNA except for the Watson strand, whose geometry is perturbed slightly to mediate optimal interactions among all three strands of the triple helix.

###### 

Universal torsion angles for nucleic acids and torsion angles in RNA triple helix of MALAT1_th11

  Torsion angles (°)                                                                              
  -------------------- ------------------------ ------------------------ ------------------------ ------------------------------
  **Alpha (α)**        −74.7 ± 9.8              −149.7 ± 18.3 \[22\]                              
                       81 ± 12.1                −61.2 ± 13.2 \[5\]                                
                       171 ± 15                 147.6 ± 17.9 \[6\]                                
  **Beta (β)**         −173.5 ± 13              −157.4 ± 12.1 \[8\]                               
                       163.8 ± 23               159.6 ± 16.2 \[25\]                               
  **Gamma (γ)**        −67.1 ± 12.3             −167.5 ± 3.9 \[3\]                                
                       52.5 ± 5.7               56.8 ± 10.5 \[21\]                                
                       179.4 ± 6.4              149 ± 20.4 \[9\]                                  
  **Delta (δ)**        **C2′-*endo***           **C3′-*endo***           **C2′-*endo***           **C3′-*endo***
                       147.3 ± 4.9 (RNA)        81 ± 4.4 (RNA)           145.2 ± 2.8 \[2\]        79.6 ± 6.1 \[31\]
                       145.2 ± 4 (DNA)          84.8 ± 4.5 (DNA)                                  
  **Epsilon (ϵ)**      −146 ± 8.6               −144.8 ± 17.9 \[32\]                              
  **Zeta (ζ)**         −70.8 ± 4.8              −75.6 ± 20.1 \[32\]                               
                       80.7 ± 14.3                                                                
                       163.1 ± 0.6                                                                
  **Chi (χ)**          **C2′-*endo* purines**   **C3′-*endo* purines**   **C2′-*endo* purines**   **C3′-*endo* purines^c^**
                       −123 ± 24.3 {*anti*}     −166.7 ± 14 {*anti*}     −126 {*anti*} \[1\]      −172.1 ± 5.6 {*anti*} \[8\]
                       58.6 ± 12 {*syn*}        35.6 {*syn*}                                      
                       **pyrimidines**          **pyrimidines**          **pyrimidines**          **pyrimidines**
                       −130.2 ± 18.4 {*ant*i}   −164.3 ± 6.6 {*anti*}    −120.6 {*anti*} \[1\]    −164.2 ± 6.7 {*anti*} \[21\]
                       63.4 ± 10.2 {*syn*}                                                        

All values represent average ± standard deviation. Torsion angles are defined in [Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}.

^a^Universal torsion angles were obtained from references ([@B50]).

^b^All torsion angles were calculated for molecule A using CURVES+ ([@B26],[@B27]). The number in brackets indicates number of nucleotides included in calculation.

^c^This value excludes two outliers, A76 and A78, which have an average χ value of 179.5°.

Comparative analysis of MALAT1_th11 triple helix with previous poly(U•A-U) models {#SEC3-6}
---------------------------------------------------------------------------------

The global features of our U•A-U-rich triple helix are largely consistent with poly(U•A-U) structures modeled using X-ray fiber diffraction data, i.e. canonical base triple interactions, helical twist of 30--32.7°, helical rise of ∼3.1 Å, pitch of 33.4--36.5 Å, up to 12 base triples per turn, double helix portion classified as A-RNA/A′-RNA, diameter of ∼25 Å and a major groove occupied by the Hoogsteen strand (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, Table [2](#tbl2){ref-type="table"} and [Supplementary Tables S3--5](#sup1){ref-type="supplementary-material"}) ([@B3],[@B19]). However, there were several notable differences. The MALAT1_th11 structure shows that an all-C3′-*endo* triple helix is favorable, in contrast to a previous structural model having both the Hoogsteen and Watson strands in a C2′-*endo* ribose conformation ([@B19]). Moreover, our model demonstrates that having a C3′-*endo* sugar pucker in a 12-base-triple-per-turn triple helix is stereochemically possible. Previous studies indicated that modeling all three strands of a 12-base-triple-per-turn poly(U•A-U) triple helix with C3′-*endo* sugar pucker was suboptimal due to a possible distortion of the sugar ring, which may explain (i) the isolated instances of C2′-*endo* sugar puckers observed in the MALAT1_th11 structure (U50 and A71, [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) and natural triple helices as well as (ii) torsion angles that deviate from universal angles ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}) ([@B6],[@B8],[@B13],[@B16],[@B19]). Another important factor for triple helix formation is widening of the major groove. Our A′-RNA-like double helix has a wide major groove of 9.2--11.2 Å due to a low inclination angle of 6.3--8.4° whereas a poly(U•A-U) structural model has a reported major-groove width of 8.5 Å and an A-RNA-like inclination angle of 17.2° (Figure [3](#F3){ref-type="fig"}, Table [2](#tbl2){ref-type="table"} and [Supplementary Table S5](#sup1){ref-type="supplementary-material"}) ([@B19]). The MALAT1_th11 triple helix structure establishes the structural parameters for an RNA triple helix and provides direct evidence that an RNA triple helix can exhibit A-RNA character while maintaining proper stereochemistry through subtle changes to phosphate backbone torsion angles.

RNA triple helix is not limited to six consecutive base triples {#SEC3-7}
---------------------------------------------------------------

It has been postulated that natural RNA triple helices are restricted to six consecutive base triples ([@B12]). Previously, our computational modeling analysis suggested that extension of the MALAT1_Core triple helix would lead to a clash between the 2′-hydroxyl of the Hoogsteen strand and phosphate oxygen of the Watson strand if the stack of base triples was greater than six ([@B12]). Here, our structure of MALAT1_th11 shows that this triple helix of 11 consecutive base triples is intact with no major structural distortions nor suboptimal stereochemistry, demonstrating that a triple helix is not limited to six consecutive base triples (Figure [1](#F1){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). However, the length of this triple helix, which resides within an internal loop, may be topologically constrained to one helical turn due to the flanking RNA duplexes. To identify structural differences, we first superposed each of the three strands from the MALAT1_th11 triple helix with the corresponding strands from the MALAT1_Core triple helix. Most structural differences occur in the Hoogsteen strand (RMSD 1.6 Å for all corresponding atom pairs) rather than the WC-helix portion (RMSD 1 Å for all corresponding atom pairs in each strand) ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). By superposing the WC-helix portions of MALAT1_th11 and MALAT1_Core, we determined an RMSD value of 1.1 Å over 424 atom pairs (Figure [4A](#F4){ref-type="fig"}). Importantly, MALAT1_th11 avoids the 2′-OH^...^OP2 steric clash because the phosphate backbone near U13 of Hoogsteen strand, namely C12, U14 and U15, are shifted 2.5--4 Å away from the corresponding positions, i.e. C12, U13 and U14, in the superposed MALAT1_Core triple helix (Figure [4B](#F4){ref-type="fig"}). This expansion by the Hoogsteen strand accommodates all nucleotides, including U13, in the Hoogsteen strand to form a continuous RNA triple helix (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). However, subtle irregularities do occur, such as the lack of 2′-OH^...^OP2 hydrogen bonds for U•A-U{1--4} (Figure [2B](#F2){ref-type="fig"}), the base pair parameters for U•A-U{3--4} deviate from average most frequently among all triples ([Supplementary Tables S3--5](#sup1){ref-type="supplementary-material"}) and backbone torsion angles of Watson strand differ the most from universal values (Table [3](#tbl3){ref-type="table"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). Currently, it is not clear if these irregularities represent a mild helical reset or if they are artifacts specific to this RNA triple helix and its crystal packing (e.g. C2′-*endo* sugar pucker for A71 in molecule A). More recently, it was discovered that a protein, methyltransferase-like protein 16, interacts with the MALAT1 triple helix *in vivo* ([@B53],[@B54]). Thus, the C-G doublet that is present in the MALAT1 triple helix may serve a critical role in protein recognition rather than resetting the helical axis to prevent a steric clash. Regardless, the MALAT1_th11 RNA triple helix is not a rigid structure and steric rearrangements in the three strands allow formation of triple helices up to 11 triples; therefore, RNA triple helices with stacks of more than six consecutive base triples may exist in nature.

![Superposition of MALAT1_th11 and MALAT1_Core RNA triple helices. (**A**) WC-helix of MALAT1_th11 triple helix (tricolor ribbon representation as described in Figure [1](#F1){ref-type="fig"}) superposed with WC-helix of MALAT1_Core triple helix (tan ribbon representation). RMSD is calculated over 424 atom pairs of WC-helix. (**B**) Shift of Hoogsteen strand in MALAT1_th11 triple helix (blue stick representation) relative to that in MALAT1_Core (tan stick representation) is observed in superposition analysis. The distances in red font between corresponding P atoms (blue and tan circles) are shown by dashed red lines. Nucleotide numbering is shown in schematics for each triple helix. The C72-G41 base pair in MALAT1_Core is marked by navy blue box and corresponding A75-U44 pair in MALAT_th11 is marked by yellow box while U13 in Hoogsteen strand is orange.](gkz1222fig4){#F4}

CONCLUSION {#SEC4}
==========

In this work, we report the X-ray crystal structure of a U•A-U-rich triple helix spanning 11 consecutive base triples, which is nearly one complete helical turn. By analyzing the structural parameters of this RNA triple helix, we discovered that its Watson--Crick helix is an A′-RNA conformer, with its defining features being a wide and deep major-groove and a decreased inclination angle. One helical twist accommodates 12 base triples per turn. Importantly, the sugar-phosphate backbone, with C3′-*endo* sugar puckers and glycosidic bonds in the *anti* conformation for all three strands, shows normal stereochemistry so that the RNA triple helix is not limited to six consecutive base triples, as previously speculated. On the contrary, an RNA triple helix with at least 11 consecutive base triples can form and its solvent-exposed surface presents a unique interface for RNA--protein interactions. Like the high-resolution structural studies of B-DNA in the early 1980s, we have established the structural parameters of one RNA triple helix. It remains to be seen if these parameters are also applicable to other RNA triple helices, such as a C^+^•G-C-rich triple helix or to a DNA triple helix.
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